DNA from a cosmid-cloned gene library of human cytomegalovirus (HCMV) strain AD169 was found to share sequence homologies with cellular DNA of various origins. Viral DNA fragments subcloned in plasmid vectors enabled localization of the homologous sequences to five regions of the HCMV genome. Four of these regions were found in the long unique (UL) segment of the viral genome (EcoRI fragments R, I and b, and HindlII fragment S); one region with virus-cell homology was located in the terminal inverted repeats (EcoRI fragments O and H). All hybridization reactions were carried out under stringent reannealing conditions (18 °C to 21-5 °C below average T m of HCMV DNA). Fragments from these five HCMV DNA regions did not crosshybridize with each other. The sequence homologies were seen in DNA from normal human placental tissue, liver autopsy material, intestinal tissue, white blood cells, and colon carcinoma cells, and in a series of haematopoietic cell lines. Sequence homologies were also detected in DNA from owl monkeys and Chinese hamsters, but not in mouse DNA. They were not related to human Alu repeats or cloned human c-myc sequences.
INTRODUCTION
The genome of human cytomegalovirus (HCMV) is a linear duplex DNA molecule of about 235 kbp, possessing significantly higher genetic complexity than other human herpesviruses (DeMarchi et al., 1978; Geelen et al., 1978; Lakeman & Osborn, 1979; La Femina & Hayward, 1980; Fleckenstein et al., 1982; Ebeling et al., 1983) . Denatured HCMV DNA tends to form a twofold 'stem-loop' structure due to backfolding and self-annealing, indicating that virion DNA molecules contain two pairs of inverted repeats that subdivide the genome into a large (L) and a small (S) segment (La Femina & Hayward, 1980; Ebeling et al., 1983) . The L segment of the genome in HCMV strain AD 169 consists of a unique region (UL, 174 kbp) which is inserted between inverted repeats of 10-6 kbp (IRL/TRL). The S segment is a unique region (Us) of 35.6 kbp which is flanked by short inverted repeats (IRs/TRs ; 2.4 kbp) (La Femina & Hayward, 1980; Fleckenstein et al., 1982; Ebeling et al., 1983) . Both regions Us and UL may be oriented in either direction, resulting in four isomeric permutations of the viral genome, which occur in about equal proportions.
Cleavage maps of the DNA from several CMV strains have been constructed with a number of restriction endonucleases using cross-blot hybridizations and other conventional mapping procedures (Weststrate et al., 1980; La Femina & Hayward, 1980; DeMarchi, 1981) . Additional physical mapping was done employing viral DNA fragments that were molecularly cloned in plasmids (Thomsen & Stinski, 1981 ; Spector et al., 1982; Greenaway et al., 1982) and cosmids . We intended to use a cosmid-cloned gene library of HCMV to search for persisting viral DNA in human tissues and transformed cells. It became clear from these experiments that five discrete regions of the viral genome hybridized with some classes of repetitive DNA present in any uninfected cell, irrespective of the conditions of stringency that 0022-1317/84/0000-6041 $02.00 © 1984 SGM R. ROGER, G. W. BORNKAMM AND B. FLECKENSTEIN were applied in hybridization reactions. This paper describes those regions of virus-cell homology, determines their map positions within the viral genome, and compares them with each other.
METHODS
Origin of cellular DNA. Four cell lines from acute lymphocytic leukaemias (designated GH1, KM3, RU3, WS2), one line from a chronic myeloid leukaemia (NALM), one erythropoietic leukaemia cell line (K562), the EpsteinBarr virus (EBV)-transformed lymphoblastoid cell line GRM, the EBV-negative B-lymphoma cell line B JAB, and the T-lymphoma cell line Molt-4 were kindly provided by U. Schneider. The Hodgkin lymphoma cell line L 428 (Diehl et al., 1982) and the Burkitt lymphoma cell line Raji were received from V. Diehl. Haematopoietic cell lines and monolayer cultures such as owl monkey kidney (OMK) (Todaro et al., 1978) and Chinese hamster ovary (CHO-K1) ceils were grown using standard conditions. Peripheral white blood cells were isolated from the blood of patients who were found to be seronegative for HCMV by ELISA testing. The cells were purified in a Ficoll Hypaque gradient (Boyum, 1968) . Fresh tissue samples were obtained from the Departments of Obstetrics and Surgery, University of Erlangen-Nfirnberg. The tissue samples were ground with sea sand before DNA extraction. Cells were disintegrated by N-lauroylsarcosinate and proteinase K, and cellular DNA was purified in CsCI gradients. All steps of DNA extraction were done employing disposable plastic ware.
Molecular cloning in plasmids and bacteriophage lambda. Cosmid-cloned fragments of the HCMV genome were subcloned in the plasmid vectors pACYC184 (Chang & Cohen, 1978) , pHC79 (Hohn & Collins, 1980) , or pA 10 (kindly provided by P. Gruss) by standard procedures (Knust et al., 1983) . Some Eco RI fragments of HCMV DN A were received from H. Schmolla, and the plasmid clone pGJ 1, which contains a 3.1 kbp EcoRI Xbal fragment, from G. Jahn. The plasmid-cloned Alu sequences BLUR 2, 6, 8 and 19 (Deininger et al., 1981 ) were kindly provided by G. Seki ; the cloned probes of proviral DNA from the avian myelocytomatosis virus MC 29 (5'-v-myc as a PstI fragment and 3'-v-myc as a SalI-BamHI fragment) and the cloned avian c-myc gene were gifts from M. Groudine, J. Nelson and K. Bister (Sheiness & Bishop, 1979; Vennstr6m et al., 1981) .
The DNA cloned in Escherichia coli HB101 cells was extracted from small volumes of bacterial cultures (10 ml) by a rapid boiling procedure in order to screen the size and identity of inserted viral DNA fragments (Holmes & Quigley, 1981) . Plasmid DNA was purified from bacterial overnight cultures by lysis with sodium lauroylsarcosinate, mechanical shearing of chromosomal DNA, and centrifugation in CsCl-ethidium bromide. Cosmid-cloned DNA was purified from 250 ml cultures using a modified boiling procedure .
Cloning of cellular DNA was done in the vector EMBL 4, which was kindly provided by N. Murray and H. Lehrach. The lambda DNA was digested with EeoRI and BamHI to remove the small linker fragment between the two restriction sites. EcoRI-digested Raji cell DNA was size-fractionated on a preformed CsCi gradient (p = 1.326 to 1.500 g/ml), the 10 to 15 kbp fragments were collected, diluted with H20, and precipitated with ethanol. Size-selected DNA (2 ~tg) and 3 ~tg lambda DNA were ligated in 7 ~tl at 14 °C. The DNA was packaged and plated on E. eoli strain 5 K (Hubacek & Gover, 1970) . Plaques were screened by hybridizing the 32p -labelled SallBamHI fragment of cloned 3'-v-myc DNA to duplicate filters under non-stringent conditions.
Labelling of DNA and Southern blot hybridization. Cloned DNA (1 ~tg) was used for labelling in vitro with [ct-3-'P]dCTP or [~YP]dATP (> 600 Ci/mmol) (New England Nuclear) by the nick-repair method (Rigby et al., 1977) . Specific activities of 3 × 107 to 4 × 108 c.p.m./~tg DNA were obtained. Restriction fragments of cellular DNA and plasmid clones were separated in 0-6~ agarose gels and transferred to nitrocellulose filters (Schleicher & Schfill) in 20 x SSC (SSC = 0.15 M-NaC1, 0.0t5 M-sodium citrate) by Southern blotting. Cellular DNA was fragmented by exposure to u.v. light on Fluotest u.v. equipment (Heraeus, Hanau, FR.G.) for 3 rain and treating with 0.3 M-HC1 for 3 min prior to alkali denaturation and Southern blotting. After DNA transfer, the filters were dried at 80 °C for 4 b, and preincubated in 5 × Denhardt's solution (Denhardt, 1966) with 10 × SSC for 2 h at 65 °C. A second preincubation period followed, employing 5 × Denhardt's solution with 5 x SSC, 0.05 M-sodium phosphate, 50% (v/v) formamide, and 250 ~tg/ml yeast RNA. The hybridization reactions were carried out in 1 × Denhardt's solution with 5 × SSC, 0.02 M-sodium phosphate, 50~ (v/v) formamide and 100 ~tg/ml yeast RNA for 15 to 60 h. Unless otherwise stated, reaction temperatures were chosen between 46.5 and 50.0 °C. Assuming that the average G + C content of HCMV DNA is 56~o (Ebeling et al., 1983) , the hybridization temperatures were 18.0 to 21.5 °C below T m (Ullman & McCarthy, 1973) . One~ formamide was assumed to reduce the melting temperature by 0.7 °C (Casey & Davidson, 1977) . This implies that larger DNA stretches, of more than 14~ mismatch, could not hybridize (Wetmur & Davidson, 1968) . After hybridization, the filters were washed in five changes of 2 x SSC at 65 °C for 10 min, in four changes of I × SSC at 65 °C for 15 min, and in two changes of 0.1 × SSC at 65 °C for 30 rain. Subsequently, filters were dried at 80 °C, and autoradiographed. Reconstitution experiments indicated that these conditions allowed detection of 0.1 to 0.5 single copy gene equivalents per cell. In some experiments sensitivity was monitored by hybridization of 32p-labelled cloned fl-globin gene with blotted cellular DNA.
RESULTS

Homologies of cosmid-cloned HCMV DNA with the cellular genome
In the course of studying persistence of HCMV in normal and transformed cells, cellular DNAs from human biopsies and various tumour cell lines were cleaved with restriction endonucleases, transferred to nitrocellulose filters, and hybridized with mixtures of 3 z P-labelled cosmid clones representing the entire HCMV genome. Several of these cosmid clones appeared to hybridize strongly with numerous DNA fragments from the human cells, irrespective of the origin of the cellular DNA. All of these hybridizations were performed under stringent conditions (see Methods), indicating a high degree of base pair matching. The most intense hybridizations were seen when labelled cosmid-cloned viral DNA from the right half of the UL region and the IRs/IR L sequences was employed. Fig. 1 shows an autoradiogram obtained by hybridization of the mixed clones pCM1017 and pCM1035 with HindlII-cleaved DNA from an EBV-transformed lymphoblastoid cell line and five haematopoietic tumour cell lines. The viral DNA sequences hybridized to numerous cellular DNA fragments of sizes between 40 kbp and 1.5 kbp. The patterns of homologous fragments appeared similar with DNA of all six cell lines ( Fig. 1) , and the same patterns were also seen with the DNA of a further three cell lines from acute lymphocytic leukaemia (GH1, WS:, RU3), DNA from the Burkitt lymphoma line Raji, the cell line L 428, which is derived from Hodgkin's lymphoma,with DNA from normal peripheral lymphocytes, normal liver and intestinal tissue, and from colon carcinomas (data not shown). From these experiments it appeared that human ceils always contain repetitive DNA sequences that are homologous to parts of the viral genome. If the two cosmid clones pCM1017 and pCM1035 were hybridized separately with fragments of cellular DNA, both clones were found to have homologous sequences; however, their hybridization patterns were different (Fig.  2 ). Individual hybridizations with both cosmid clones revealed a clear cellular genome polymorphism in the six haematopoietic cell lines (Fig. 2 ). With each cell line, however, identical patterns were observed, if hybridizations were carried out with pCM1035 and pCM1072. Since these two clones share IRs/TRs and IRL/TRL sequences, and not unique DNA, it could be concluded that regions of homology with cellular DNA lie within the inverted repeats.
Hybridization with a mixture of cosmid clones representing almost the whole of the left half of the UL region indicated some homology in this genomic section also, since multiple fragments at positions between 20 kbp and 1 kbp were seen (Fig. 3) . Those patterns were different again from the picture obtained by hybridization with probes of the right half. They also were slightly different from cell line to cell line. Since each of the three left-hand cosmid clones (pCM1007, pCM1029, pCM1065) hybridized by itself with cellular DNA in an individual pattern, it followed that the HCMV genome contains at least five regions of homology with normal cellular DNA. To locate the homologies in the viral genome, sets of overlapping cosmid clones were used as radioactive probes in Southern blot hybridizations. In this way, four cosmid clones (pCM3, -52, -104 and -1015) were identified which did not possess homologies with cellular DNA.
Each of these hybridizations were repeated at least four times. All of these experiments were done under conditions where less than a single copy per cell of sequence homologous to the full length of the probe (see Methods) would be detected.
Localization of virus-cell homologies in subclones of HCMV DNA
From all cosmid clones containing homologous sequences with cellular DNA, the entire viral sequences were subcloned as EcoRI or HindlII fragments in the respective cleavage sites of plasmid vectors, mostly in pACYC184. Cosmid clone pCM1017 had been shown to hybridize strongly with cellular DNA; the clone pCM1015, however, did not. This indicated that homologies could only be located within the EcoRI fragments E, Z or b. Hybridization with the individual cloned fragments E and Z, however, did not show homology with cellular DNA, indicating that all virus-cell homology from this genomic area is restricted to EcoRI b. Fig. 4 shows the hybridization pattern of labelled cloned EcoRI b (pCM5001) with EcoRI-cleaved DNA of cell lines KM3 and GRM. The EcoRI fragments hybridizing with viral DNA ranged in (a) R. R U G E R , G. W. BORNKAMM AND B. F L E C K E N S T E I N 1 2 3 4 5 6 7 8 9 10 (b) 1 2 ,3 4 5 6 7 8 9 10 (Fig. 6) . Similar, but not identical, patterns were seen with lymphoid tumour cell lines, and homology also appeared in D N A from owl monkeys (data not shown). The number of cellular Eco RI fragments that hybridized with the clone pCM5010 was difficult to determine, because the length of homology within the cellular and viral fragments is unknown and superpositions are possible. Nevertheless, it may be estimated that sequences of homology, sufficient for stringent hybridization, occur about 20 times in the cellular genome (Fig. 6) . The E c o R I fragment O, also comprised within the long inverted repeat, was found to hybridize with D N A of placenta, lymphocytes and lymphoid cell lines; however, the intensities were weak under the usual conditions of stringency (data not shown).
The cloned E c o R I fragment R (pGHS 1) revealed a discrete pattern of homology with cellular D N A . This became apparent by blot hybridizations with D N A from lymphoid cell lines. This fragment comprises much of the D N A sequence which is capable of transforming mouse and rat cells in vitro (Nelson et al., 1982) . Additional subclones were used to localize more closely the areas of homology. The EcoRI fragment R (5.9 kbp) is cleaved by XbaI into a 3.1 kbp fragment (clone pGJ1) and a 2.8 kbp fragment; the latter fragment is contained in plasmid clone pCM4000. Both clones appeared to hybridize with cellular fragments (Fig. 7) . Finally, homologous sequences giving rise to a weak hybridization reaction were determined to be localized within HindIII fragment S (pRR1) and EcoRI fragment I (pRR5) (data not shown). Alu sequences are the most widespread repetitive sequences in the human genome (Jelinek et al., 1980; Schmid & Jelinek, 1982) . To determine whether the virus-cell homologies in the H C M V genome are in some way related to this class of repetitive D N A , labelled cloned Alu sequences (BLUR 2, 6, 8 and 19) were hybridized with blots of HindIII fragments representing the entire H C M V genome. Each of the four Alu clones contains an insert of about 300 bp which represents a different member of the Alu repeat family (Deininger et al., 1981) . None of the four Alu probes hybridized with H C M V fragments (data not shown). Since the different types of Alu repeats hybridize to some extent with each other under the given conditions of stringency, it seems very unlikely that Alu-type sequences are interspersed in the H C M V genome.
Homologies between cytomegalovirus D N A and the cellular oncogene myc
As it is known that the genomes of transforming retroviruses contain cellular D N A sequences (viral oncogenes), the hypothesis was developed that similar oncogenes may have been picked up by the HCMV genome during evolution. It was described recently that the avian viral oncogene mye hybridized with several fragments of H C M V D N A when the 5' exon sequences were used as hybridization probes (Gelmann et al., 1983; Spector & Vacquier, 1983) . These studies were done at lower stringency than the hybridizations that demonstrated virus-cell homology in our study. This raised the question of whether homologies between H C M V D N A and human cellular D N A sequences are partially due to common c-myc sequences. We hybridized nick repair-labelled cloned avian myc D N A probes (total avian c-myc, 5' v-myc and 3' v-myc) with EcoRI-cleaved D N A from human placenta and transformed lymphoid cells; a pattern of strongly homologous fragments was observed corresponding to published results (Dalla Favera et al., 1982) . However, very weak hybridization reactions were visible between EcoRI fragments H, M and P of H C M V and probes with the total avian e-myc and 5' v-myc sequences. No homology was recognized between the avian 3' v-myc D N A and cloned H C M V sequences (data not shown).
To study the possible relationship between the human myc gene and the H C M V genome, the germ line allele of myc was cloned from the Burkitt lymphoma cell line Raji in phage lambda. A 12.5 kbp fragment was obtained, which contained the entire human e-myc equivalent. The 5' exon h-c-myc D N A sequence was subcloned as a 1.4 kbp SacI fragment in cosmid vector Homer 2. The 3' exon h-c-myc D N A sequence was inserted as a 1-3 kbp ClaI-EcoRI fragment into pBR327 (Dalla Favera et al., 1982) . Applying these probes, no traces of homologous sequences between human c-myc D N A and the H C M V genome were detected under the conditions of stringency usually applied in this study (21.5 °C below Tin) (Fig. 9) . . Hybridization of 32p-labelled plasmid clone pCM5010, containing the EcoRI H fragment, with DNA from human placental tissue (7 gg). Fig. 7 . Hybridization of 32p-labelled ptasmid clone pCM4000, with DNA from transformed cells. The insert in pCM4000 corresponds to the transforming region of HCMV (Nelson et al., 1982) . DNA from human cell lines (7 gg) was digested with HindllI. 
IP
DISCUSSION
While studying persistence of human cytomegalovirus in human cells by Southern blot hybridization with cloned viral DNA probes of HCMV strain AD169 we found that the viral genome contains several areas that hybridize with human cellular DNA under conditions of stringency such that longer DNA sequences having more than about 14% base pair divergence could not reanneal. The homologies could be localized to five fragments which included the inverted repeats (Fig. 8) Peden et al. (1982) reported that nick repair-labelled human cellular D N A hybridizes with cleaved fragments of a D N A clone containing the junction between the L and S segments of H C M V strain Towne. Also, a region of virus-cell homology was described in the D N A of the simian cytomegalovirus strain Colburn at a position equivalent to the joint region between the L and S segments in H C M V (Jeang & Hayward, 1983) . This is consistent with our results, since we found that one of the five regions of homology is located in the IRs/IRL region. It was reported recently that the cloned avian oncogene v-myc, labelled in vitro, hybridizes with seven cloned H C M V D N A fragments in blot hybridizations at low stringency (Spector & Vacquier, 1983; Gelmann et al., 1983) . Five of those coincide with D N A fragments that we found to contain sequences with virus cell homology. Hybridizations of v-mye D N A were observed with a fragment of 400 or 500 bp representing the 5' end of the v-mye gene; however, no reaction was seen with a 1 kbp fragment containing the 3' end of the viral oncogene. Applying more stringent annealing conditions we found a marginal reaction of the cloned avian 5' myc gene with three HCMV DNA fragments. However, no homology became apparent when plasmid-cloned human c-myc probes were hybridized with HCMV virion DNA and with cloned fragments covering the whole HCMV genome. It should be borne in mind that the 5' exon avian myc probe contains a 250 bp sequence with an average G + C content of 84~, probably giving rise to nonspecific reactions (Alitalo et al., 1983) . Whatever the nature of DNA pairing between avian vmyc and human DNA under relaxed conditions may be, it is obvious that the virus-cell homologies described in this report can not be due to common myc sequences in HCMV DNA and the human genome.
Virus-cell homologies in HCMV genomes may give rise to severe experimental pitfalls if hybridizations with virion DNA are used for investigation of viral persistence and transformation. HCMV is suspected to be involved in the aetiology of several forms of malignant tumours, as well as causing a wide variety of non-malignant disease conditions. It was reported that, among other markers, viral DNA could be detected in biopsies from tumours such as Kaposi's sarcomas and colon carcinomas by molecular hybridization with purified virion DNA (Giraldo et al., 1980; Boldogh et al., 1981 ; Drew et al., 1982; Huang & Roche, 1978; Roche et al., 1981) . However, none of the studies has unambiguously demonstrated that the virus is consistently associated with a form of human neoplastic disease. It is obvious from our study that certain sequences of the viral genome should be avoided, if viral DNA is to be employed in the search for specific sequences by nucleic acid hybridization experiments. We recommend a set of 15 cosmid and plasmid clones that do not share any detectable sequence homology with cellular DNA, if hybridization is done under stringent conditions. This series of cloned probes, indicated in Fig. 8(b) , contains 70.4~ of the HCMV genome. Future experiments will determine even more closely to which parts of the viral genome the homologies are confined.
The nature and origin of virus-cell homologies described in this study are still largely unknown, which is also true of herpes simplex virus (Puga et al., 1982; Peden et al., 1982) and EBV (Heller et al., 1982; Arrand et al., 1983) . We do not feel that the reactions indicating homology are solely due to spots of high G + C content in the viral and cellular genome. We did not see hybridization reactions between HCMV DNA and cloned DNA fragments from EBV (89 ~ G + C), Herpesvirus saimiri (70.8 ~ G + C) or Herpesvirus aotus (68-7 ~ G + C); Jeang & Hayward (1983) have shown for simian cytomegalovirus that the sequence of homology with cellular DNA does not have an elevated G + C content. On the other hand, the left half of the EcoRI R fragment from HCMV DNA which revealed virus-cell homology and has been partially sequenced contains short arrays of the repeat 5'CCG (Kouzarides et al., 1983) . The homologies between HCMV DNA and the cellular genome may have arisen by fortuitous formation of short stretches matching viral and cellular DNA or, alternatively, may have evolved as a consequence of DNA transpositions from the cellular to the viral genome or vice versa. In view of the low extent of possible mismatch in HCMV-cell homologies, we think that the latter hypothesis is not unlikely. Parallel nucleotide sequencing of viral DNA and homologous clones from a genomic gene library may decide between these possibilities.
